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ABSTRACT: The functioning of natural and engineered porous media, like soils and
filters, depends in many cases on the interplay between biochemical processes and
hydrodynamics. In such complex environments, microorganisms often form surface-
attached communities known as biofilms. Biofilms can take the shape of clusters, which
alter the distribution of fluid flow velocities within the porous medium, subsequently
influencing biofilm growth. Despite numerous experimental and numerical efforts, the
control of the biofilm clustering process and the resulting heterogeneity in biofilm
permeability is not well understood, limiting our predictive abilities for biofilm-porous
medium systems. Here, we use a quasi-2D experimental model of a porous medium to
characterize biofilm growth dynamics for different pore sizes and flow rates. We present a
method to obtain the time-resolved biofilm permeability field from experimental images
and use the obtained permeability field to compute the flow field through a numerical
model. We observe a biofilm cluster size distribution characterized by a spectrum slope
evolving in time between −2 and −1, a fundamental measure that can be used to create spatio-temporal distributions of biofilm
clusters for upscaled models. We find a previously undescribed biofilm permeability distribution, which can be used to stochastically
generate permeability fields within biofilms. An increase in velocity variance for a decrease in physical heterogeneity shows that the
bioclogged porous medium behaves differently than expected from studies on heterogeneity in abiotic porous media.
KEYWORDS: porous media, biofilm cluster dynamics, permeability heterogeneity, fluid flow velocities

1. INTRODUCTION
Biofilms, the sessile bacterial lifestyle in which cell aggregates
embed themselves in a self-secreted extra-cellular polymeric
matrix, are frequently found in porous environments.1 By
growing in the pore space, biofilms lead to bioclogging of the
porous medium and alter the local flow.2−5 The presence of
other immiscible phases, such as air, has a similar impact,6 yet
biofilms have their own dynamics due to the growth of the
cells. Alteration of the local flow increases the range of water
velocities within the pore space,6 creating more pronounced
high- and low-velocity regions and consequently modifying the
distribution of nutrients and chemicals within the biofilm−
porous medium system.7−9 A mechanistic description of the
biofilm growth dynamics under diverse hydrodynamic
conditions and of the interplay between flow and growth is
of interest in bioremediation and filtration, among others, to
optimize application design.10−12

Biofilms have a complex structure composed of bacterial
cells embedded within extra-cellular polymeric substances
(EPS) such as polysaccharides, proteins, and extra-cellular
DNA.13 The matrix is frequently crossed by micron-sized
channels that enable internal solute transport,14 and contribute
to the permeability and porosity.2,15−17 Biofilms can be
described as clusters with an irregular morphology, which
can be quantified by the fractal dimension,18,19 where a smaller

fractal dimension represents a less complex biofilm shape.20,21

The fractal dimension has been used to measure the degree of
raggedness of the biofilm surface, the perimeter of a section,
and internal structure.19,21−24 Besides the fractal dimension,
several other approaches based on image analysis have been
used to quantify biofilm growth dynamics, including entropy
(the randomness of the biofilm image pixel distribution),21 the
diffusion distance (the minimum distance from the cells in the
cluster to the open pore space),24 the total bioclogging degree,
as well as the biofilm cluster size and shape from images.25 The
quantification of biofilm development in terms of one or more
of these descriptors enables the comparison between different
flow rate and pore size conditions, to unravel their influence on
the biofilm growth dynamics.
To study the influence of biofilms on hydrodynamics in

porous media, both experimental and numerical approaches
have been proposed. Experiments to measure the flow field and
obtain the velocity distribution have employed particle image

Received: November 25, 2022
Revised: March 6, 2023
Accepted: March 14, 2023
Published: March 28, 2023

Articlepubs.acs.org/est

© 2023 American Chemical Society
5666

https://doi.org/10.1021/acs.est.2c08890
Environ. Sci. Technol. 2023, 57, 5666−5677

D
ow

nl
oa

de
d 

vi
a 

E
T

H
 Z

U
R

IC
H

 o
n 

Ju
ne

 7
, 2

02
3 

at
 1

3:
27

:2
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dorothee+L.+Kurz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eleonora+Secchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roman+Stocker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joaquin+Jimenez-Martinez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.2c08890&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c08890?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c08890?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c08890?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c08890?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c08890?fig=abs1&ref=pdf
https://pubs.acs.org/toc/esthag/57/14?ref=pdf
https://pubs.acs.org/toc/esthag/57/14?ref=pdf
https://pubs.acs.org/toc/esthag/57/14?ref=pdf
https://pubs.acs.org/toc/esthag/57/14?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.2c08890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf


velocimetry and particle tracking velocimetry in both two-
dimensional (2D) and three-dimensional (3D) porous
media.3,26 Unfortunately, the micron-sized particles that are
often used as tracers can become trapped within the biofilm
structure, thus hindering a complete and reliable character-
ization of the velocity field. An alternative strategy is to use
numerical models.27−31 However, the modeling of biofilms
presents challenges related to their structural heterogeneity and
complex rheology. In particular, for biofilms grown in flow
conditions, parameters such as biofilm permeability and
porosity are challenging to measure in situ at the spatial
resolution needed for accurate modeling.
Current studies have modeled fluid flow velocities within

biofilms in porous media from experimental images28,29

assuming a constant permeability and porosity value for the
entire biofilm, for a range of different values of permeability
and porosity (typically from 10−15 to 10−7 m2 for biofilm
permeability and from 0.2 to 0.93 for biofilm poros-
ity).9,25,28,29,32,33 More recently, a “digital twin” approach has
been proposed, in which the biofilm images were converted to
a numerical model and the biofilm’s biomass at a given location
is considered impermeable or permeable based on its optical
density.34 This approach was used to show that biofilms can be
considered a permeable medium by comparing simulated and
experimental permeability reductions of the porous medium.34

In another approach, the porosity of the biofilm has been
inferred by converting experimental images to local density
maps of the biomass. This revealed that the presence of biofilm
increases the fluid flow velocity heterogeneity and the
spreading of a transported solute.30 Furthermore, in abiotic
porous media, the mosaic of high and low velocities within
porous media enhances the reactivity, due to the enhanced
creation of concentration gradients.35,36 Despite these
advances, the temporal evolution of the permeability field
within porous media during bioclogging, its relation with the
aggregation process of biofilm clusters, and its dependency on
pore size and flow rate have remained largely unknown.
In this work, we contribute to addressing this gap by

combining experiments and numerical modeling to study the
interaction between biofilm clustering dynamics and local
hydrodynamics. We investigate three combinations of flow rate
and pore size. First, we analyze the temporal behavior of
biofilm cluster formation from experiments in which we image
biofilm formation over space and time. Then, we develop a
method to quantify the permeability field from the
experimental bright-field microscopy images of the biofilm-
porous medium system. Next, we combine the determined
permeability field and computational fluid dynamics to obtain
the temporal evolution of the velocity field of the biofilm-

porous medium system. Finally, we use statistical analysis to
establish the time-resolved relationship between the hydro-
dynamics and the physical heterogeneity in the biofilm-porous
medium system, which is directly relevant to chemical
transport. These analyses yield insights into the influence of
flow rate and pore size on biofilm cluster formation and
provide a new method for determining how the biofilm
influences the local velocity field in the biofilm-porous medium
system.

2. MATERIALS AND METHODS
An overview of the workflow of the methods is shown in SI
Figure S1.

2.1. Microfluidic Experiments. We used microfluidic
devices to image biofilm development in a porous medium
with a defined geometry and controlled hydrodynamic
conditions. The porous medium was fabricated as an array of
regularly arranged cylindrical pillars located at a distance equal
to their diameter, hereafter referred to as pore size (Figure 1).
We investigated three experimental conditions by varying the
flow rate and the pore size. Our baseline experiment was
conducted at a flow rate Q = 1 mL/h with pore size d = 300
μm, resulting in an initial mean fluid flow velocity, u̅o, of 0.96
mm/s and an initial average shear rate, γ̇0, of 10 s−1. Further
experiments were conducted at Q = 1 mL/h with d = 75 μm
(u̅o = 0.96 mm/s, γ̇0 = 38 s−1) and at Q = 0.2 mL/h with d =
300 μm (u̅o = 0.19 mm/s, γ̇0 = 2 s−1). The initial porosity (i.e.,
the porosity before any biofilm growth in the porous medium)
of all of the microfluidic devices was the same and equal to n =
0.77.
2.1.1. Bacterial Cultures. Bacterial cultures of wild-type

Bacillus subtilis NCIB 3610, a soil-born model organism for
biofilm formation, were prepared by inoculating 3 mL of
nutrient broth no 3 (Sigma-Aldrich) (composition: meat
extract 1 g/L, peptone 5 g/L, NaCl 5 g/L, yeast extract 2 g/
L) from a frozen glycerol stock. The bacterial solution was
incubated overnight at 30 °C while shaking at 200 rpm. On the
day of the experiment, the solution was diluted 1:1000 in fresh
nutrient broth. We then incubated the diluted solution under
the same conditions described above until OD600 = 0.1
(measured using a cell density meter), to obtain motile cells in
early exponential stage.
2.1.2. Microfluidic Fabrication and Assay. Microfluidic

devices were fabricated using standard soft lithography
techniques with 10% w/w cross-linking agent in polydime-
thylsiloxane (PDMS) solution (Sylgard 184 Silicone Elastomer
Kit, Dow Corning).37 Devices were washed with 2 mL of the
nutrient solution prior to loading of the bacterial solution. The
bacterial solution was loaded into the microfluidic device by

Figure 1. (A) Bright-field image of B. subtilis biofilm grown in the microfluidic porous medium with pore size d = 300 μm and flow rate Q = 1 mL/
h, taken at t = 10 h. The scale bar applies to both panels. (B) Binarized image of panel A showing the clusters outlined in cyan.
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drawing it into the microchannel from a centrifuge vial
connected to the outlet via tubing. Syringes with the nutrient
solution were separated from the microfluidic device by a 1.2
μm sterile filter (Pall Corporation) to prevent bacterial
contamination in the nutrient solution during the withdrawal.
The bacterial suspension was left in the microfluidic device
without flow for 3 h to allow surface attachment of the
bacterial cells. Thereafter, we imposed flow of nutrient solution
by setting a flow rate (Q = 1 or 0.2 mL/h) using a syringe
pump (PHD Ultra, Harvard Apparatus). Imaging of biofilm
formation for 24 h at 25 °C was performed on an inverted
microscope (Ti Eclipse 2, Nikon) using a digital camera (Orca,
Hamamatsu). We performed time-lapse imaging in bright-field
configuration (4× objective, NA = 0.13, 1 frame every 6 min).
An array of 16 fields of view spanning the porous domain of
the microfluidic device was imaged (13,500 × 2500 pixels
corresponding to 22 mm × 4 mm). The pressure difference
caused by biofilm growth was recorded using a pressure sensor
(MPS, Elveflow) placed upstream of the porous domain (SI
Figure S1). The pressure reading was set to zero in the
software recording the pressure measurements prior to biofilm
growth, to measure the pressure difference caused by biofilm
growth.

2.2. Cluster Analysis. Stitched bright-field images from the
16 fields of view were aligned using the function “StackReg” in
Fiji ImageJ38 (setting: RigidBody). The images were
normalized by dividing each image by the first image of the
corresponding time-lapse in order to obtain values between 0
and 1 for the calibration of the image intensity versus the
permeability (see next section). Therefore, in the following, the
image intensity will be referred to as relative intensity, Is.
Images were binarized with a threshold of Is = 0.6 to identify
the outline of the biofilm, where the value of 0.6 was
determined by visual inspection of the performance in
determining the outline. From the binarized images, individual
bodies were extracted. Bodies smaller than 100 pixels
(corresponds to 1062 μm2) were removed to reduce noise
and facilitate cluster analysis. Cluster analysis was then
performed to determine the number of clusters in the porous
medium (Nc), the mean cluster area (A̅), and the fractal
dimension of the system (Df). Cluster analysis was performed
in Fiji ImageJ (with the plugins Particle Size Distribution and
Fractal Box Counter). Characterization of the cluster size
distribution included only clusters before percolation was
reached (i.e., before the time at which a single biofilm cluster
formed that spanned the entire length of the porous medium
from inlet to outlet). The size of each cluster was quantified as
the radius of gyration of the cluster, =R A/g , previously
used in cluster analysis of both abiotic and biotic systems.39,40

2.3. Permeability Field of the Biofilm-Porous Medium
System. This section describes the methodology to convert
bright-field microscopy images of the biofilm-porous medium
system into a permeability field, with the goal of then
determining the fluid flow velocity field in the system through
a numerical model accounting for the determined permeability
field. First, we obtained the effective permeability of the biofilm
(Section 2.3.1) to calibrate a model function derived from an
approach used in light transmission micro-tomography
(Section 2.3.2). This novel model function allowed us to
convert the biofilm-porous medium images to a permeability
field and then simulate the fluid flow velocity in the biofilm−
porous medium system using a numerical model (Section 2.4).

2.3.1. Effective Permeability of the Biofilm. To obtain the
effective permeability of the biofilm, we performed numerical
simulations in Comsol Multiphysics 5.5 using models created
from the experimental images. The images were segmented to
identify the biofilm geometry within the porous medium at five
experimental time points (SI Table S1). The segmented
images were then used to generate the biofilm models using
the “mphimage2geom” function in MatLab (Mathworks)
(parametrization “type”, “solid”, and “mindist”, “4”) and then
imported into COMSOL Multiphysics 5.5, the numerical
solver used to solve for the fluid flow. Steady-state velocity
fields were solved based on a Darcy−Brinkman formulation.41

The domain of the porous medium without biofilm was
modeled by the incompressible Navier−Stokes formulation

· = ·[ + + ] +
· =

u u pI u u F

u

( ) ( ( ) )

0

T

(1)

where ρ is the liquid density (1000 kg/m3), u is the fluid
velocity, p is the pressure, I is the identity matrix, μ is the
dynamic viscosity (0.001 kg/m/s), and = ·F u

h
is an

additional term accounting for the effect of the third dimension
on the depth-averaged velocity. The latter term includes the
drag force exerted on the liquid by the lower and upper
boundary walls in the experiments.42,43 κh is the permeability of
a channel bounded by two parallel walls separate by a distance

h and can be approximated as =h
h
12

2

(in our system, h = 100
μm and κh = 8.3 × 10−10 m2).42

The Brinkman equation, which accounts for the flow
transition from open flow to Darcy flow, is used to solve the
flow through the biofilm, where
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with Q the flow rate, nb the porosity of the biofilm matrix, κbe
the effective permeability of the biofilm matrix, and φ the
parameter in the Ergun equations. The porosity of the biofilm
was set to a constant value 0.928,44 to determine κbe. Note that
φnb ρ|u| is negligible in our case as = · ·Re u d <10, i.e., inertial
effects are small at most.
The geometry of the bioclogged porous domain was meshed

in Comsol Multiphysics using a triangular method (approx-
imately 1−4 × 106 elements). The numerical simulations of
eqs 1 and 2 were conducted with a direct, stationary,
multifrontal, massively parallel sparse direct solver
(MUMPS), with a relative tolerance of 0.001 for the
dependent variables, velocity and pressure. As boundary
conditions, we imposed a constant inflow velocity at the
inlet of the porous domain, obtained from the flow rates used
in the experiments, and zero pressure at the outlet of the
porous domain. The no-slip condition was imposed at the
perimeter of the cylindrical pillars and on the side walls of the
domain.
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The unknown effective permeability of the biofilm, κbe, was
obtained by the inverse method, i.e., running simulations for
different permeability values of the biofilm and minimizing the
difference between the measured and the simulated pressure
drop caused by the biofilm (see SI Table S1). The value of κbe
is expected to be the geometric mean of the local values of
permeability for a two-dimensional, isotropic, multilog
Gaussian field.45,46

2.3.2. Permeability Field from Light Transmission Micro-
Tomography. The Lambert−Beer law relates the transmitted
light intensity Is to the mass per unit volume of the material
through which the light is traveling. In our case, Is is the local
normalized intensity, i.e., the intensity of a given pixel in the
image, and the Lambert−Beer law reads

= *· ·I c hln( )s (3)

with ϵ* an absorption coefficient depending on the substrate, c
the local mass per unit volume (i.e, at position (x, y)), and h
the thickness of the substrate, or here the porous medium
microfluidic device. As ϵ* and h are considered constant, they
can be combined into a single parameter δ−1 = ϵ* · h, eq 3 can
then be rewritten as

=c Iln ( )s (4)

With the assumption that c is inversely proportional to the
local porosity n (see the SI for details), this yields a relation
between the light intensity Is and the porosity n of the form

=n I( ln( ))s
1

(5)

where β includes the parameter δ as well as the proportionality
constant between c and n. Equation 5 has a comparable form

to relationships established in previous work.47,48 The porosity
n is related to the permeability κ by a power law of the
form49,50

= ·nh (6)

with κh being the permeability of the microfluidic channel. By
combining eqs 5 and 6, we obtain the final model equation
linking the permeability κ and the normalized transmitted light
intensity Is

= · +I( ln ( ) )h s (7)

where α, β, and γ are parameters defining the shape of the
function. The parameter γ has been set as 1 to ensure that κ =
κh for the maximum value of the normalized intensity Is, which
corresponds to the case in which there is no biofilm, i.e., the
pore space is empty and thus the permeability is κh = 8.3 ×
10−10 m2 (see Section 2.3.1).
The geometric mean of Is values within the biofilm for an

image (i.e., time step) is expected to correspond to the value of
κbe. Using these values as data points for the derived model
(five data points corresponding to five time points per
experimental condition, SI Table S1), parameters α, β, and γ
in eq 7 were fitted for each experimental condition separately
by nonlinear least-squares fitting. Three other generic models
for permeability as a function of light intensity (linear,
exponential, and power law) were also fitted for comparison
to data from the baseline experiment (Section 2.1, and SI
Table S2). All of the fitted models were then used to convert
the relative intensities of the images to permeability fields at
single-pixel resolution.

Figure 2. Biofilm cluster dynamics. Temporal evolution of (A) mean cluster area A̅, (B) total cluster area ∑A, (C) number of clusters Nc, and (D)
fractal dimension of the biofilm Df within the porous medium. Symbols and colors stand for the different experimental conditions of pore size and
flow rate (green square, d = 75 μm, Q = 1 mL/h, blue circle, d = 300 μm, Q = 1 mL/h; orange diamond, d = 300 μm, Q = 0.2 mL/h). Bars
represent the standard deviation of the mean of experimental triplicates.
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2.4. Numerical Simulation of the Fluid Velocity Field.
We numerically simulated 2D, steady-state Darcy flow in the
entire pore space for the five time points assessed in the
experiments, based on the instantaneous, spatially explicit
permeability fields κ(x,y) obtained with the procedure laid out
in the previous section. We used Darcy’s law:

=

· =

u p

u Q( )
(8)

The geometry was meshed using a triangular method (with 1−
4 × 106 elements, depending on the time point and biofilm
amount within the porous medium). In this case, the
dependent variable was the pressure and boundary conditions
were set as described earlier (Section 2.3.1).

2.5. Statistical Analysis to Quantify Heterogeneity of
the Permeability and the Velocity Field. The multi-
Gaussian distribution is the standard log-normal statistical
model used to describe a spatially heterogeneous perme-
ability,51 including cases with extremely high values of
permeability connected through channels that can span the
entire length of the domain.52 In order to quantify the
heterogeneity of the permeability field, the latter was
characterized by log-normal point statistics with variances of
the log permeability σln κ

2 . The spatial continuity of the
resulting permeability field was calculated using the correlation
length ζ from a variogram.51,53 The spatial heterogeneity of the
resulting velocity field was characterized by its variance σu

2.
This was separately done for each time point and for all
conditions (flow rates and pore sizes).

3. RESULTS AND DISCUSSION
3.1. Biofilm Cluster Dynamics. 3.1.1. Temporal Dynam-

ics of Cluster Number, Area, and Coverage. In our
experiments, we found that the biofilm forms clusters, which
appear as 2D structures in the images (Figure 1A,B). As seen
in Figure 1A, the colonization of pillars by the biofilm is also
considered a cluster. The growth of clusters at random
locations in the porous medium is a consequence of the
random initial attachment of bacteria to the solid surfaces. This
type of colonization generates heterogeneity in the initially
homogeneous porous medium. Therefore, the characterization
of the biofilm cluster morphogenesis will provide insight into
the temporal evolution of the resulting complexity in the
biofilm-porous medium systems.
The mean cluster area (A̅) and the total cluster area (∑A)

were used to characterize the temporal evolution of biofilm
growth within the porous medium under different exper-
imental conditions (Figure 2A,B). Although we found a similar
value of A̅ for different pore sizes (d) and flow rates (Q) at
early time points (0−7.5 h), the mean cluster area A̅ remained
systematically smaller throughout the experiment for the lower
flow rate (Q = 0.2 mL/h) with d = 300 μm, compared to the
experiment at the higher flow rate. This indicates that the flow
rate, and therefore the initial fluid flow velocity, exerts an
important control on the mean cluster area (Figure 2A). In
contrast, the total cluster area ∑A, which describes the
bioclogging process in the entire porous medium, increased
more rapidly for the smaller pore size (d = 75 μm) compared
to the experiment at a larger pore size at the same flow rate
(Figure 2B), despite the initial porosity n being the same. The
faster clogging at smaller values of d can be explained by a

filtration effect as well as a larger total surface area available for
biofilm development, i.e., a larger number of points for
bacterial attachment as nucleation sites for biofilm formation.
This was confirmed by the temporal evolution of the number
of clusters (Nc), where at early time points (0−7.5 h) we
observed a larger number of clusters for the smaller value of d
(Figure 2C). For all experimental conditions, Nc increased over
time until the point at which cluster coalescence counter-
balanced the creation of new clusters. Interestingly, this
occurred at the same time points for all three experimental
conditions. Thereafter, Nc decreased due to cluster coales-
cence. From these experiments, we conclude that cluster
coalescence dynamics are largely independent of d and Q
under the conditions studied here, whereas the mean cluster
area is most affected by the flow rate and the total cluster area,
and hence bioclogging, is controlled by both the pore size and
the flow rate.
In summary, we observed the formation of spatially

distributed clusters during the growth of B. subtilis biofilm
within the porous medium. Spatio-temporal patterns during
biofilm formation have also been observed in Escherichia coli
using non-motile and non-chemotactic strains grown in flow in
straight (i.e., non-porous-media-like) millifluidic channels.54

The emergence of cluster patterns has been suggested to result
from the interplay of cell−cell and cell−surface interactions.54

A mechanism of phase separation based on a density-regulated
decrease of bacterial motility, together with logistic growth, has
also been proposed to result in cluster patterns.55 While the
temporal evolution of cluster number and coverage has been
studied on flat surfaces,56 the cluster dynamics for biofilms we
report here emerge robustly under conditions realistic for
porous medium environments, namely, biofilms growing under
confinement and continuous nutrient flow. The fact that a
higher flow rate promotes larger clusters could be explained by
a higher nutrient mass flux. The clogging of the entire porous
medium occurring faster for the smaller pore sizes at the higher
flow rate may be a result of the filtration effect or the higher
number of nucleation sites for clusters. Furthermore, growth
under higher shear stress is known to create more compact and
coalescent biofilms,57 which could also contribute to faster
bioclogging as shear rates are higher in the smaller pores for
the same Q. Further studies have found that the accumulating
mechanical stresses that accompany growth can determine the
morphogenesis of clusters, including their internal reorganiza-
tion or damage as pieces are broken away, and their
coalescence.58,59 The interplay between the biofilm cluster
growth and the shear stresses is accompanied by the formation
of preferential flow paths at later time points.60 Concluding
from our results, the fluid flow, which includes the transported
nutrients and the physical forces generated by it, and the
geometry of the environment shape the biofilm cluster
dynamics by influencing, e.g., the mean cluster area as well as
the cluster number.
3.1.2. Fractal Dimension of Biofilm Clusters. Experiments

revealed that dispersed individual clusters aggregate and grow
into larger clusters with fractal-like morphology (Figure 1A).
The fractal dimension (Df) increased from a range of 1.05−
1.33 to a range of 1.84−1.93 from t = 2.5 to 22.5 h, for all
experimental conditions (Figure 2D). The increase in Df with
time means that the overall morphology of the cluster becomes
more rough and is consistent with studies of biofilms grown in
open channels.25 Additionally, the values of Df we measured
are in accordance with the values previously determined for
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biofilms in porous media (e.g., Df ∼ 1.13−1.5421). Although a
maximum value of Df ∼ 1.74 (thus lower than the values we
measured late in our experiments) would be expected from
gelation models and other cell systems in the absence of solid
obstacles and for an infinite domain,40,61 our observed final
range of values Df ∼ 1.84−1.93 is in accordance with the value
of Df = 1.89 observed for percolating water clusters in 2D
porous media.62 This accordance hints at a similarity in the
behavior of abiotic (e.g., air) and biotic (e.g., biofilm) clusters in
porous media.
The temporal evolution of the fractal dimension revealed

that a smaller pore size (d) at the same flow rate (Q) is
associated with a larger value of Df. This may be explained by
using findings from colloid science, where an increase in
concentration and the occurrence of coalescence have been
used to explain an increase in Df.

63 Analogously, a more fractal-
like morphology under these conditions could be caused by the
more frequent coalescence of biofilm clusters, due to the larger
number of clusters (Nc) and a greater mean area (A̅) (Figure
2A,C).
The fractal dimension of biofilm clusters is a powerful

parameter governing not only geometrical properties but also
hydrodynamics within the biofilm-porous medium system.64

The fractal dimension quantifies the roughness of the biofilm-
fluid flow interface and could thereby be considered a proxy for
the modified drag force of the fluid when in contact with the
biofilm. Thereby, the fractal dimension of the biofilm captures
the effect of cluster morphology on the fluid flow between
clusters. Especially for experiments with the smaller value of d,
the systematically larger Df observed in our experiments could
be linked with a higher drag force as found for flow past fractal
aggregates,65 which demonstrates how the biofilm cluster
morphogenesis influences the local hydrodynamics.
3.1.3. Characteristics of the Biofilm Cluster Size Dis-

tribution. The characterization of the cluster size distribution
within the porous medium was done using the radius of
gyration (Rg), which corresponds to the radius of a circle of
equivalent area to the one of a biofilm cluster.39 This revealed
that the probability density function p(Rg) follows a scaling
p(Rg) ∝ Rg

τ, with τ evolving in time between −2 and −1 for
most replicates of all experimental conditions studied (Figure
3) (see also SI Figure S2 for the replicates and SI Figure S3 for
the temporal evolution of τ). τ initially (t = 5 h) decreases to
values in the order of −2 (or smaller) and thereafter increases
and stabilizes to a mean value of τ = −1.27 for Q = 1 mL/h
and d = 300 μm, τ = −1.46 for Q = 1 mL/h and d = 75 μm and
τ = −1.64 for Q = 0.2 mL/h and d = 300 μm (SI Figure S3).
The time point at which τ reaches the value of −2 corresponds
to the time point before the cluster coalescence counter-
balances cluster creation (t = 7.5 h), an important time point in
the biofilm cluster morphogenesis (Figure 2C). As in
percolation theory,66 these scaling values for the cluster size
distribution of the biofilm within the porous medium can be
used to generate spatio-temporal biofilm distributions in
numerical simulations and upscaled models. A similar scaling
has been observed in multiphase systems, where immiscible
phases coexist, both under confined and unconfined
conditions. For those systems, τ was −2 for the nonwetting
phase clusters in unsaturated porous media, and without the
displacement of the nonwetting immiscible phase.39,67 The
same scaling of −2 was found for bubble size distributions in
the ocean.68 A value of τ = −1.90, thus slightly larger than −2,
has also been observed under dynamic steady-state multiphase

flow conditions in porous media, which is a system that closely
resembles ours.69 The similarity between our biofilm-porous
medium system and certain abiotic systems (e.g., air or oil
within a water-filled porous medium) suggests that the cluster
size distribution is strongly influenced by the porous medium
and its geometry as well as hydrodynamics. The observed
scaling could be universal for other immiscible, two-phase
systems in porous media. However, the biofilm being alive
leads to changes over time, which is reflected in the temporal
evolution of the scaling of the cluster size distribution.

3.2. Time-Resolved Permeability Fields. The method
we described (Section 2.3) allowed us to obtain the
permeability field of the biofilm-porous medium system from
bright-field microscopy images, based on the assumption that
the pixel intensity of the biofilm in the gray-scale image
corresponds to the local mass per unit volume. This approach,

Figure 3. Probability density function of the radius of gyration Rg of
biofilm clusters at different time points (color-coded as denoted in the
legend) for (A) d = 300 μm and Q = 1 mL/h (circles), (B) d = 300
μm and Q = 0.2 mL/h (diamonds), and (C) d = 75 μm and Q = 1
mL/h (squares). The scaling p(Rg) ∝ Rg

τ was found to yield a best-fit
exponent between τ ∼ −2 and −1 (see SI Figure S3).
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adapted from methods used for light transmission micro-
tomography, resulted in a model to directly compute a
permeability field from images of the system (eq 7). A
comparative analysis showed that this model predicted
experimentally obtained pressure differences better than
three alternative, generic models for computing permeability
from images (linear, exponential, and power law) (SI Figure
S4).
In each experiment, we performed a multiobjective

calibration approach in two stages. First, we fitted the model
(eq 7) to the parameters κbe�the permeability that
corresponds to the geometric mean of light intensities�and
to the parameter κh�the maximum permeability that
corresponds to a porous medium without biofilm�using the
data from the five time points indicated in SI Table S1 (Figure
4A). Second, we simulated the fluid flow velocity and the
pressure difference (Δp) with the numerical flow model using
the permeability field, then compared the experimentally
measured and the simulated pressure difference. We performed
this comparison at a time point, t = 15 h, at which the biofilm
was well developed under all experimental conditions. These
two steps were repeated iteratively until a good agreement,
defined as Δpexp − Δpsim < 1.5 mbar, of the experimental and
simulated pressure difference at t = 15 h was obtained. Then,
to assess the performance of the fitted model, the velocity field

and the pressure difference of a further set of four time points
from each experiment were simulated using the fitted model
and the simulated pressure difference was compared with the
experimentally measured one. This comparison revealed good
agreement (Figure 4B), with less than 3 mbar difference
between the simulated and experimental pressure difference for
the majority of time points, demonstrating that the simulation
including the permeability field can reproduce the exper-
imentally measured pressure data.
For each experimental condition and time point, we

obtained the spatially resolved permeability field from the
image intensities using the model in eq 7 (Figure 5A). As
expected, the spatial distribution of the permeability has a
direct impact on the flow field, resulting in preferential flow
paths in regions of high permeability and low-flow regions
where permeability is small (Figure 5B). The probability
density function of permeability for the biofilm-porous
medium system, p(κ), calculated from the permeability field
reveals how permeability changes over time and varies among
experimental conditions. The distribution p(κ) exhibits a
systematic shift over time, with an increase in low-permeability
regions and a decrease in high-permeability regions with time
(Figure 6A). This shift arose from the growth of the biofilm as
it increased in density and came to occupy an increasing
proportion of the pore space, and was observed under all three

Figure 4. (A) Permeability values obtained from the light transmission model (eq 7), which was fitted to the permeability values κbe and κh using a
multiobjective calibration approach, as a function of the relative intensity of the bright-field images. The inset shows the same data plotted in a
semilog scale. Filled black symbols correspond to the effective permeability values from the biofilm (Section 2.3.1) and open-colored symbols
correspond to the fitted permeability model (green square, d = 75 μm, Q = 1 mL/h; blue circle, d = 300 μm, Q = 1 mL/h; orange diamond, d = 300
μm, Q = 0.2 mL/h). The fitted values for α, β, and γ (eq 7) can be found in SI Table S3. (B) Simulated pressure difference between the inlet and
the outlet of the porous domain (Δp) obtained from the fluid flow simulations using the permeability fields, as a function of the experimentally
measured pressure difference for the same conditions, for different flow rates and pore sizes (legend as in panel (A)). This comparison between the
simulated and experimental pressure difference was conducted to validate the calibration in panel (A). The black line denotes Δpsim = Δpexp.

Figure 5. (A) Permeability field of a B. subtilis biofilm grown in a microfluidic porous medium with d = 300 μm and Q = 1 mL/h at t = 10 h,
corresponding to the experimental images shown in Figure 1A. (B) Spatial distribution of flow velocities computed via a numerical simulation using
the permeability field in panel (A).
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experimental conditions (Figure 6A and SI Figure S5).
Different from an abiotic system, a biotic system such as a
bioclogged porous medium causes these distinct temporally
evolving shifts in the distribution of permeability related to the
growing biofilm. The decreasing probability of the maximum
permeability value (κh = 8.3 × 10−10 m2, representing the open
pore space) was similarly a result of the biofilm growth. To
characterize the probability density function for the perme-
ability of the biofilm p(κb) several commonly used functions
were considered for fitting. We found that the middle section
of p(κb) follows a Gamma distribution more closely than a
Normal distribution especially at later time points when the
biofilm is well developed (SI Figure S6). The distribution of
biofilm permeability has not been previously quantified in a
systematic manner for biofilms, and these results could be used
to account for the heterogeneity in permeability in simulations
of porous media containing biofilms (e.g., to generate equally
probable permeability fields using stochastic approaches70).
This will ultimately help gain a better understanding of the
biofilm’s impact on velocity distribution and reactive transport.
A larger variance of permeability σln κ

2 indicates greater
spatial heterogeneity within the porous medium. We observed
an initial increase (t = 5 h for d = 75 μm, Q = 1 mL/h and d =
300 μm, Q = 0.2 mL/h, t = 10 h for d = 300 μm, Q = 1 mL/h)
in the heterogeneity of permeability for all three experimental
conditions (Figure 6B). The peak in variance was greatest with
smaller pore size d = 75 μm and higher flow rate Q, while
overall higher variance values were obtained for larger Q at d =
300 μm. After the peak, the heterogeneity in permeability

decreased, resulting in a very similar final value independently
of d and Q (Figure 6B). This time evolution results from
biofilm growth generating heterogeneity, causing the porous
medium to initially change from a more homogeneous to a
highly heterogeneous permeability field. Once the porous
medium is significantly filled with biofilm, it returns to a more
homogeneous permeability field due to the similar perme-
ability of the biofilm across the domain. The high peak in
variance for d = 75 μm could be explained by the highest
number of biofilm clusters in the porous medium (Figure 2C)
contributing to permeability heterogeneity. Further, the
generally higher variance at higher Q is likely due to higher
flow velocities resulting in stronger shear forces, which cause a
more heterogeneous degree of biomass densification and
therefore a higher permeability variance.
The correlation length, the characteristic distance at which a

property remains invariant and typically used as a measure of
heterogeneity, was computed from the variogram of perme-
ability. The variogram of permeability values, which is a
function of spatial dependence of a random field which
commonly follows spherical, power, exponential, or logarith-
mic models, had the best fit for the exponential model in all
experimental conditions. Comparison of the correlation length
in the longitudinal and transverse directions with respect to the
flow indicates anisotropy, with consistently larger correlation
lengths in the longitudinal direction, ζL, than in the transverse
direction, ζT, over all times and across different experiments.
More specifically, the ratio ζL/ζT was between 1.1 and 2.1
(Figure 6C,D; see SI Figure S7 for the omnidirectional

Figure 6. (A) Probability density function of permeability, p(κ), for the biofilm-porous medium, for d = 300 μm and Q = 1 mL/h at five time
points. Isolated points at κ = 8.3 × 10−10 m2 indicate the probability density of the maximum permeability value, corresponding to a location free of
biofilm. The gap in the probability density function is due to the absence of values in this range. The color intensity gradient from lighter to darker
indicates the temporal evolution in all panels. (B) Variance of permeability expressed as σln κ

2 as a function of time for the three experimental
conditions (greenish squares, d = 75 μm, Q = 1 mL/h; bluish circles, d = 300 μm, Q = 1 mL/h; orangish diamonds, d = 300 μm, Q = 0.2 mL/h).
(C, D) Correlation length in the longitudinal direction ζL (C) and in the transverse direction ζT (D) as a function of time for the same experiments.
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correlation length). The higher correlation in the longitudinal
direction, a trend which was stronger for larger Q and smaller
d, was imposed by the hydrodynamics of the system, which
more strongly reshapes the biofilm in the main flow direction
due to stronger shear forces. The anisotropy imposed by the
hydrodynamics has also been observed for sedimentary
deposits,71 a larger-scale system. The lower values of ζL ≈
60 μm and ζT ≈ 46 μm for smaller Q at d = 300 μm are
explained by the larger number of clusters, which are spatially
more homogeneously distributed (Figure 2C) compared to the
same pore size at the higher flow rate. This occurs especially at
later time points (t > 7.5 h), despite the lower coverage ∑A
(Figure 2B), i.e., when the biofilm-porous medium system is
highly segregated. Note that for the experiment at d = 75 μm
and Q = 1 mL/h (square symbols in Figure 6C,D), a
correlation length, ranging 150−300 μm, that is larger than the
actual pore size is found, meaning that the biofilm can
homogenize the porous medium over a scale that spans several
pore sizes.

3.3. Spatio-Temporal Dynamics of Fluid Flow. We
computed the probability density function of the flow velocity
p(u) from the Eulerian fluid flow velocities obtained by the
flow simulations (Figure 5B) for each experiment (Figure 7A
and SI Figure S5). The distribution p(u) showed a shift in time
with a clear increase in high velocities and a slight decrease in
very low velocities. The so-called double structure of the flow
field (i.e., the existence of two peaks in p(u)) is observed in the
presence of biofilm. This was previously observed in single-
phase and unsaturated flow in porous media due to structural
heterogeneity72 in the solid phase or due to the presence of an
immiscible phase (e.g., air6). We further observed that the
probability for high velocities follows an exponential trend,
ln (p(u)) ∝ − u (inset Figure 7A), which is in agreement with
existing literature for unsaturated and bioclogged porous
media.3,6,73 However, in unsaturated porous media, the low
velocities in the distribution usually drop off algebraically
following a power law (p(u) ∼ uθ with θ < 0),6 whereas we
instead observed a second peak with a plateau in our biofilm-
porous medium system. This can be explained by the
permeability heterogeneity within the biofilm, resulting in a
more complex system than just a dual-permeability porous
medium.29

A general increase with time in the variance of velocities σu
2 is

observed for the three experimental conditions studied (Figure

7B), which confirms results from previous studies of biofilm
growth in porous media.30,74 When comparing the evolution of
the variance of the velocities σu

2 and the permeability
heterogeneity (σln κ

2 and ζ, Figure 6B−D), we observe a peak
and decrease in permeability heterogeneity with a continuous
increase in σu

2. This stands in contrast to the trend commonly
observed in porous media, where an increase in the structural
heterogeneity72 or the addition of an immiscible phase (e.g.,
air6 or polymers75) leading to an increase in permeability
heterogeneity, tends to increase σu

2. We attribute our finding of
a negative correlation between permeability and velocity
variance to the permeable nature of the biofilm. The
coexistence within the pore space of preferential flow paths
and biofilm creates a permeability range that spans three orders
of magnitude, but with a declining contribution of high-
permeability regions over time to the value of the variance.
However, high velocities (up to 1.5 orders of magnitude larger
than in the empty porous medium) occur in preferential flow
paths and have a large contribution to the variance statistics.
In this work, we have studied the interplay between biofilm

formation and some key characteristics of the porous medium,
i.e., the pore size and fluid flow velocities. Biofilm formation
was studied by characterizing the biofilm cluster size
distribution, which revealed that its spectrum slope temporally
evolved between −2 and −1. This observation is in agreement
with observations from multiphase systems for the slope of
−2.39,67 Further, we believe this temporally evolving scaling is
of importance for creating distributions of biofilm clusters to
simulate and upscale chemical and reactive transport in
bioclogged porous media. Our method to model the resulting
flow field by quantifying the permeability field of the biofilm
can be used more broadly to shed light on the permeability
distribution in biofilms and the temporally resolved evolution
of velocities. We found the distribution of biofilm permeability
to follow a Gamma distribution better than a Normal
distribution for the middle section of the distribution. This
permeability distribution can be used to stochastically generate
permeability fields of biofilms, likely contributing to improving
the predictability of chemical and reactive transport in biofilm-
porous medium systems. Furthermore, contrary to findings
from unsaturated porous media (with, e.g., air and water), we
saw a negative correlation between physical heterogeneity
(permeability) and velocity variance.

Figure 7. (A) Probability density functions of velocity p(u) for the biofilm−porous medium system with d = 300 μm and Q = 1 mL/h at five time
points. The inset shows the same data on a semilogarithmic scale, highlighting the higher velocities. The color gradient indicates the temporal
evolution for both panels. (B) Variance of velocity σu

2 over time for the three experimental conditions (greenish squares, d = 75 μm, Q = 1 mL/h;
bluish circles, d = 300 μm, Q = 1 mL/h; orangish diamonds, d = 300 μm, Q = 0.2 mL/h).
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The relationships between physical heterogeneity and
velocity variability are likely to affect solute transport because
our results suggest that velocity variance might continue to
increase during biofilm growth and cause enhanced chemical
dispersion despite a large degree of bioclogging. In general,
modeling biofilms as a heterogeneous permeable phase in
porous media studies will allow more precise predictions of
solute transport and biochemically driven reactions in porous
media. As the current study might be considered limited by its
two-dimensionality, transferring this approach to a 3D system
would permit to further refine the quantitative estimates of
heterogeneity in biofilm and hydrodynamic properties
obtained here.
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